We have investigated the conduction over a wide range of temperature of λ DNA molecules deposited across slits etched through a few nanometers thick platinum film. The slits are insulating before DNA deposition but contain metallic Ga nanoparticles, a result of focused ion beam etching. When these nanoparticles are superconducting we find that they can induce superconductivity through the DNA molecules, even though the main electrodes are non superconducting. These results indicate that minute metallic particles can easily transfer charge carriers to attached DNA molecules and provide a possible reconciliation between apparently contradictory previous experimental results concerning the length over which DNA molecules can conduct electricity.
We have investigated the conduction over a wide range of temperature of λ DNA molecules deposited across slits etched through a few nanometers thick platinum film. The slits are insulating before DNA deposition but contain metallic Ga nanoparticles, a result of focused ion beam etching. When these nanoparticles are superconducting we find that they can induce superconductivity through the DNA molecules, even though the main electrodes are non superconducting. These results indicate that minute metallic particles can easily transfer charge carriers to attached DNA molecules and provide a possible reconciliation between apparently contradictory previous experimental results concerning the length over which DNA molecules can conduct electricity. Conductivity of DNA is a long-standing debate. Following the initial predictions that DNA molecules should conduct electricity, several types of experiments were attempted to probe the conduction mechanisms, ranging from emission and absorption spectroscopies [1] to microwave absorption [2] . Several groups have also attempted direct measurements of DNA conductivity by attaching DNA molecules to metallic electrodes [3, 4] . The contradictory experimental results, with behaviors ranging from insulator to coherent quantum transport over distances in the hundred nanometer range led to a strong controversy [5] . The picture emerging in the past few years has been that DNA can conduct over distances of tens of nanometers: this was shown by STM and local probe techniques [7] [8] [9] [10] , as well as in a spectacular experiment [6] : a 3 nanometer long DNA molecule was inserted in a cut carbon nanotube, increasing its initial resistance only twofolds, and was subjected to biological manipulations that altered and then restored the conductivity. The importance of the environment of the molecules in order to have reproducible results was pointed out in [14] . Conduction over hundreds of nanometers, and up to several microns, was also reported by different groups [3, [11] [12] [13] , including ours. In our previous experiments DNA was found to be conductive between platinum-carbon electrodes [16] and between rhenium-carbon electrodes [15] . In this last case as the samples were lowered below the superconducting critical temperature of the electrodes (rhenium is a superconductor with T c = 1.7 K) the sample resistance decreased, indicating coherent quantum transport through the DNA molecules. These results are both technologically and fundamentally important since long range transport in DNA molecules may lead to the creation of new nanoscale self-assembled electronic devices. From the fundamental point of view, DNA is one of the rare one-dimensional molecular wires that can be obtained in mono dispersed form with known chemical structure and chirality. It is thus important to understand the ingredients that lead to conduction over long distances.
In this Letter we reconcile previous findings by showing that conduction over distances greater than hundreds of nanometers can occur if the DNA molecules are attached to a disconnected array of nanoparticles (typically 10 to 20 nm apart) that locally dopes the molecules, enhancing conduction. In addition in our case the nanoparticles are superconducting, which induces superconducting correlations in DNA at low temperatures.
All our samples, including the previous ones, are fabricated with unconventional techniques: without electron beam lithography and with functionalization of the sample surface by a pentylamine plasma. Pentylamine was used because it is known to promote attachment of DNA to amorphous carbon films (such as those used in transmission electron microscopy, see [18] ). The samples we describe hereafter are also fabricated using focused ion beam etching of a thin platinum carbon film deposited on mica, with subsequent pentylamine plasma treatment before deposition of DNA. Compared to our previous experiments we have gained a better understanding of this functionalization technique, establishing that pentylamine adheres only on carbonated surfaces and not directly on mica or metals. Thus fabrication begins with a mica substrate covered by a e-gun deposited platinum carbon film a few nanometers thick (5 nm thick, square resistance 1 kOhms). Although the carbon concentration is not known exactly, we checked that the concentration was high enough to anchor the pentyarXiv:1011.0383v1 [cond-mat.mes-hall] 1 Nov 2010 lamine, since no DNA attached to a platinum surface without co-deposited carbon. We deposit thick gold contact pads through a mechanical mask and divide the centimeter square mica substrate into roughly twelve sample regions using a UV laser with a 30 micron diameter laser beam,see Fig.1 . We then proceed to etch away the metal over a thin, 50 µm long, region using a focused ion beam (magnification ×3000 and current 3.5 pA). In order to obtain narrow insulating regions we monitor the resistance of a first slit as we etch the platinum film one line-scan at a time. We stop the etching as soon as the resistance diverges, see Fig.1 . The other slits are etched using a slightly larger (15%) number of scans than was necessary to open the first slit. We then check electrically with a probe station that all slits have a resistance above a few GΩ. The width of the slits fabricated with this technique ranges between 70 and 150 nm. The next step is pentylamine deposition, in a DC plasma discharge with pentylamine vapor pressure P = 0.1 Torr, and current I = 3 − 5 mA for a few minutes. A drop of λ-DNA [17] solution was incubated on the substrate surface for a few minutes and then rinsed away using a water flow created by a peristaltic-pump (flow few cm/s). Out of eight mica substrates on which DNA deposition was attempted [19] , five were covered by DNA molecules as established by atomic force microscopy. These five substrates contained around 30 slits. All samples on two of these substrates were completely insulating. On the other three substrates 11 out of 15 samples were conducting. We have also prepared a control substrate, incubated with the same buffer but without DNA molecules, and rinsed like the other samples. We found that all 14 slits etched on these samples remained insulating. Room temperature conductance was measured in a probe station, using an ac voltage in the mV range at frequencies ranging from 1 to 30Hz. The resistance of conducting samples was found to vary, depending on the slit, between 5 kΩ and 50 kΩ. These values are consistent with previous findings [15, 16] , given that the number of deposited molecules across each slit varies between 10 and 100.
The pentylamine plasma creates a positively charged organic layer that allows DNA molecules to bind to the carbonated hydrophobic electrodes. Conducting AFM characterization of this pentylamine layer on a smooth Pt/C film indicates that the pentylamine film forms a smooth insulating layer. This is not the case along the edge of the slits, where FIB etching as well as unavoidable carbon contamination introduce roughness, leading to defects and holes in the pentylamine coverage. As a result the edges of the slit remain metallic, as is needed to establish electrical contact to the DNA on both sides of the slit.
We have used both atomic force atomic microscopy and high resolution scanning electron microscopy to characterize the structure of the FIB etched slit. We find that the insides of the slits are rather rough for two reasons: The incomplete etching of the platinum film leaves metallic disconnected islands of typical size 10 nanometers. In addition, some slits contain a disordered array of roughly spherical nanoparticles (see Fig.2 ). The regular shape of these spheres contrasts with the irregular shape of the etching residues of PtC. As confirmed by transport experiments presented below, these spherical nanoparticles result from condensed gallium drops generated by the FIB. Their size varies between 3 and 10 nm, their separation between 5 and 20 nm. Even if these nanoparticles do not directly contribute to electronic transport through the slits, which were insulating before deposition of DNA and remained so after a flow of saline buffer solution without molecules, we will see that they certainly modify the electronic properties of DNA molecules deposited across the slit. In the following we present low temperature transport measurements of DNA molecules deposited through slits decorated with gallium nanoparticles. The samples investigated have resistances ranging from 5 to 20 kΩ at room temperature, with roughly 10 to 30 connected molecules, as deduced from the density of molecules on the substrate far from the slit. The samples were electronically and mechanically connected by gold plated spring contacts [20] on the gold pads on the Pt/C film, and mounted in a dilution refrigerator operating down to 50 mK. The resistance was measured via lines with room temperature low pass filters. Measurements were performed in a current biased configuration using an ac current source of 1 nA operating at 27 Hz and a Lock-in detector with a low noise voltage pre-amplifier. Whereas the resistance was nearly independent of temperature between room temperature and 4 K, it dropped as T decreased, with a broad transition to a value of the order of 4 kΩ (which corresponds to the resistance of the normal Pt/C electrodes in series with the DNA molecules), see Fig. 3 . This transition to partial proximity-induced superconductivity is shifted to lower temperatures in a magnetic field. It is the broadest for the most resistive sample, and exhibits the smallest magnetic field dependence.
Another superconducting-like feature is the non linear IV curves at low temperature, see Fig. 4 : The dc currentdependent differential resistance is lowest at small dc current and increases with increasing dc current. The increase is non monotonous, presenting several peaks up to a current of the order of 1µA, a sort of critical current, above which the resistance is constant and independent of dc current. The many peaks in the differential resistance curves are typical of non homogeneous superconductivity. For instance the differential resistance jumps seen in narrow superconducting wires (diameter smaller than coherence length) are associated with the weak spots of the wire. Since neither the Pt/C electrodes nor the DNA molecules are superconducting (as shown in previous experiments), these results suggest that the gallium nanoparticles, which are superconducting, induce superconductivity through the DNA molecules. The superconducting transition temperature of pure gallium is T c = 1 K but it is reasonable to expect that the gallium nanoparticles, because of their small size and their probable large carbon content, have a higher T c [22] . It is interesting to note that the low intrinsic carrier density in the DNA molecules may prevent the inverse proximity effect, i.e. the destruction of the superconductivity of the gallium nanoparticles. Those same nanoparticles could not induce any proximity effect in metallic wires because of the high density of carriers in metals. This possibility of inducing long range superconductivity with superconducting nanoparticles was investigated recently in the context of graphene [21] . In the present case, it is also possible that the gallium nanoparticles could contribute to carrier doping of the DNA molecules in the normal state.
The difference between the transitions of the various samples is probably related to the existence of nanoparticles of different sizes, leading to superconducting transitions more rounded and with a weaker T C (H) dependence in small particles than in large ones. The radius R of the nanoparticles inducing superconductivity in DNA can be estimated from the critical field H c = Φ 0 /πR 2 , for which the transition temperature extrapolates to 0. This field (see Fig.3 ) is of the order of 10 T, corresponding to a radius between 5 and 7 nm. A rough estimate of the number of nanoparticles bound to DNA molecules participating in transport can also be deduced from the number of peaks of differential resistance which varies from 3 to 6 depending on the samples (the largest number of peaks is observed in the lowest resistance samples). This corresponds to a typical distance between nanoparticles attached to a DNA molecule of the order of 10 to 20 nm, which is thus the length over which we probe electronic transport along the DNA molecules, and not the total width of the slit. The relatively low values of measured resistances, as well as the appearance of proximity induced superconductivity, indicates a strong electronic coupling between the DNA molecules and both Pt/C residues and Ga nanoparticles. This contrasts with previous measurements of DNA molecules linking gold nanoparticles [23] , where the conductivity did not exceed 10 −4 Scm −1 for a distance between metallic nanoparticles # of substrates 12 # of FIB slits 100 # of substrates with visible λ DNA 5 # of substrates with conducting slits after λ deposition 3 # of slits on these 3 substrates 15 # of conducting slits after λ deposition 11 # of slits on the control sample 14 # of conducting slits after buffer 0 of 10 nm, whereas the conductivity in the present case can be estimated to be of the order of unity in the same units. Accordingly transport experiments on completely metallised DNA molecule [24] did not seem to indicate any intrinsic contribution of the DNA molecules to the conduction measured. These differences may originate in the nature of the binding between the metallic nanoparticles and the DNA which in ref. [23] was of covalent nature (involving alkanethiol molecules of low conductivity), whereas in the present case we believe that a good electrical contact between DNA molecules and the metallic nanoparticles is provided by the discontinuities and defects in the pentylamine film.
Our results indicate that minute metallic particles can transfer charge carriers to attached DNA molecules and confirm that DNA molecules can be conducting on lengths of the order of 10 nm but we cannot conclude with these experiments on the conduction on longer length scales. Since in our previous experiments [15, 16] the DNA molecules were connected across similarly etched slits in thin metallic films, the existence of metallic residues cannot be excluded, and the conduction of DNA molecules could thus also have been probed on distances no greater than 10 nm. These results invite to a systematic investigation of the possible carrier doping of DNA by metallic nanoparticles.
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